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SpermatogenesisSte20 kinases constitute a large family of serine/threonine kinases with a plethora of biological functions.
Members of the GCK-VI subfamily have been identiﬁed as important regulators of osmohomeostasis across
species functioning upstream of ion channels. Although the expression of the two highly similar mammalian
GCK-VI kinases is eminent in a wide variety of tissues, which includes also the testis, their potential roles in
development remain elusive. Caenorhabditis elegans contains a single ancestral ortholog termed GCK-3. Here,
we report a comprehensive analysis of gck-3 function and demonstrate its requirement for several
developmental processes independent of ion homeostasis, i.e., larval progression, vulva, and germ line
formation. Consistent with a wide range of gck-3 function we ﬁnd that endogenous GCK-3 is expressed
ubiquitously. The serine/threonine kinase activity of GCK-3, but not its presumed C-terminal substrate
interaction domain, is essential for gck-3 gene function. Although expressed in female germ cells, we ﬁnd
GCK-3 progressively accumulating during spermatogenesis where it promotes the ﬁrst meiotic cell division
and facilitates faithful chromosome segregation. In particular, we ﬁnd that different levels of gck-3 activity
appear to be important for various aspects of germ line development. Taken together, our ﬁndings suggest
that members of the GCK-VI kinase subfamily may act as key regulators of many developmental processes
and that this newly described role in meiotic progression might be conserved and an important part of
sexual reproduction.n).
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Tissue formation and differentiation are complex processes that
are tightly linked and regulated by the organism's developmental
program. The orchestration of cell fates, proliferation, differentiation,
and cell survival in response to external or internal clues are often
achieved by signaling cascades that rely on multiple protein
modiﬁcations including phosphorylation by protein kinases. This
simple chemical reaction is so crucial that the human and Caenor-
habditis elegans kinome share over 80% of predicted kinases
(Manning, 2005), yet most of their roles in the development of an
organism are still largely unknown.
The Ste20 group kinases have attracted increasing attention over
the past several years due to their expanding physiological roles.
Originally named after the yeast serine/threonine kinase Ste20p,
involved in ﬁlamentation, mating, and osmoregulation, members aredivided into two families according to their domain organization; GCK
(germinal center kinases) and PAK (p21-activated kinases) (Dan et al.,
2001). The GCK family has been further classiﬁed into eight
subfamilies containing essentially a single representative each in C.
elegans. Surprisingly little is known about their roles in development.
Recently, GCK-VI subfamily members have been implicated in
regulating osmohomeostasis in mammalian cells and nematodes.
Mammalian SPAK and OXSR1 have been predominantly analyzed in
tissue culture cells where they physically interact with the cation-
chloride cotransportersKCC3,NKCC1, andNKCC2 (Piechotta et al., 2003;
Piechotta et al., 2002) and phosphorylate NKCC1 (Dowd and Forbush,
2003; Moriguchi et al., 2005). C. elegans GCK-3 was found to interact
with and repress the chloride channel CLH-3b in a phosphorylation-
dependent manner (Denton et al., 2005; Falin et al., 2009). CLH-3 is the
C. elegans ortholog of the mammalian CLC2 chloride channel (Rutledge
et al., 2001). CLH-3 activity modulates the contractions of sheath cells
during ovulation and GCK-3-mediated CLH-3b phosphorylation is
predicted to inhibit the ClC anion channel before oocyte meiotic
maturation (Falin et al., 2009; Rutledge et al., 2001; Strange et al., 2006).
Nevertheless, clh-3mutants are fertile. The genetic dependency of clh-3
activity on gck-3was also proposed to regulate renal tube formation in
worms (Hisamoto et al., 2008). Thus, the regulation of ion homeostasis
emerges as one example of an evolutionary conserved function among
GCK-VI kinases (Strange et al., 2006).
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an N-terminal kinase domain and two putative regulatory regions
named PF1 (PASK and Fray) and PF2, located at the C-terminus
(Fig. 1A) (Chen et al., 2004; Leiserson et al., 2000). In the case of
OXSR1, the PF1 region is crucial for OXSR1 kinase function, whereas
the PF2 domain is dispensable (Chen et al., 2004). The PF2 domain,
also termed CCT (conserved C-terminal) domain (Vitari et al., 2006),
was found in all GCK-VI orthologs to provide a protein interaction
platform for the few substrates known (Anselmo et al., 2006; Choe
and Strange, 2007; Gagnon et al., 2006b; Moriguchi et al., 2005;
Piechotta et al., 2003; Vitari et al., 2006). Strikingly, the only known
regulators of GCK-VI kinases also require the PF2 domain for their
physical interaction. These proteins are members of the conserved
without-lysine kinase (WNK) family and are implicated in osmoreg-
ulation and other biological processes (Choe and Strange, 2007; Lee
et al., 2004; Moriguchi et al., 2005; Oh et al., 2007; Vitari et al., 2005;
Xu et al., 2004; Zagorska et al., 2007). Mammalian GCK-VI and WNK
proteins are widely expressed, suggesting that individualized func-
tions with combinatorial actions may occur in many organs (Vitari
et al., 2005; Xu et al., 2000). Knockout mice with compromised OXSR1
function are embryonic lethal, whereas SPAK knockout mice are
viable and show reduced fertility and mild behavioral defects,
suggesting that OXSR1 and SPAK are not fully redundant with each
other and specialized functions may exist (Geng et al., 2009). Mice
homozygotes for WNK1, one paralog out of four encoded WNK
proteins, are also embryonic lethal (Zambrowicz et al., 2003). These
drastic phenotypes underscore the importance of GCK-VI and WNK
protein familymembers in the development of an organism; however,
their precise functions in vivo remain to be elucidated.
In C. elegans, RNAi knockdown experiments of WNK-1 or GCK-3
demonstrated a shared role for both proteins in acute volume
recovery and survival after hypertonicity-induced shrinkage (Choe
and Strange, 2007). Both genes are also implicated in the formation of
the tubular extensions of the excretory cell, which is a part of the
animal's renal system, together with associated gland, duct and pore
cells (Hisamoto et al., 2008). Although a hypomorphic allele of gck-3
had been described, the null phenotype and hence the full range of
gck-3 functions during development remained obscure. Unfortunate-
ly, confusing data on the bona ﬁde promoter of the gck-3 locus exist
and previous promoter-driven GFP expression studies may have left a
rather incomplete picture of the expression proﬁle of GCK-3 (Choe
and Strange, 2007; Denton et al., 2005).
Here we report novel developmental functions of the worm GCK-
VI kinase, GCK-3, by analyzing the ﬁrst genetic and molecular null
allele. We ﬁnd that GCK-3 kinase activity promotes larval progression
beyond the L2 stage and coordinates developmental timing of
postembryonic organ development. Most somatic defects affect a
broad spectrum of developmental decisions that appear independent
of its role in ion homeostasis. We ﬁnd GCK-3 expression upregulated
in spermatogenesis and its function is crucial for male meiosis. We
demonstrate that a reduction or a complete loss of gck-3 activity
results in meiotic chromosome segregation defects or metaphase I
arrested spermatocytes, respectively. Furthermore, in the most severe
cases, meiosis and gametogenesis are altogether abolished. These
novelmeiosis defectsmay also represent a conserved function of GCK-
3 in sexually reproducing animals as mammalian GCK-VI members
are highly expressed in testis.
Material and methods
Strains
Worm strains are derivatives of the wild-type Bristol strain N2 and
weremaintained at 20 °C as described (Brenner, 1974). The gck-3(q733)
LG V allele was isolated in a PCR-based screen for deletion mutants
induced by EMS and backcrossed nine times (Kraemer et al., 1999). Theouter and inner primer pairs used for screening were OutFwd
GTTGCAGTGAACTATCGGAC; OutRev GTCTCGATACTCACCACCTT and
InFwd CAGAGTCTCATACGTGTGTTG; InRev AATCACGGCTCACTTCGTG.
One-on-one mating tests were performed with fog-2(RNAi) femi-
nized hermaphrodites and males from EV285 mothers. Adult animals
were staged as 24-36 hours past the mid L4 stage. Primers for
genotyping are available upon request. The following strainswere used:
EV11 gck-3(q733)/dpy-21(e428) unc-80(e1272) V
EV232 gck-3(tm1296)/dpy-21(e428) V
EV285 him-8(e1489) IV; gck-3(tm1296)/dpy-21(e428) V
TY832 yDf4/dpy-11(e224) unc-76(e911) V
EV141 gck-3(q733)/unc-76(e911) V;evEx1[unc-122∷GFP;let-
858∷GFP∷gck-3(WT-cDNA)]
EV190 gck-3(q733)/unc-76(e911) V;evEx2[unc-122∷GFP;let-
858∷GFP∷gck-3(K137R-cDNA)]
EV236 gck-3(q733)/unc-76(e911) V;evEx6[unc-122∷GFP;aqp-
8∷GFP∷gck-3(WT-cDNA)]
EV235 gck-3(q733)/unc-76(e911) V;evEx5[unc-122∷GFP;dpy-
7∷GFP∷gck-3(WT-cDNA)]
AA86 daf-12(rh61rh411) X
GR1348 pha-1(e2123) III; mgEx646[mlt-10p∷gfp-pest pha-1]
DNA constructs
The gck-3 ORF encoding aa 2-596 was subcloned into pCITE-4a
(Novagen) from an RT-PCR product with appropriate primers. The
GCK-3K137R mutant was created using QuikChange (Stratagene).
GCKWT and GCKK137R cDNAs were cloned in frame downstream of
GFP of a pELT vector, which is a derivate of the pPD118.25 plasmid
(Fire lab vector kit) containing an N-terminal GFP fusion cassette
under the control of the let-858 promoter and 3′UTR. let-858 promoter
was replaced with aqp-8 (Mah et al., 2007) or dpy-7 (Gilleard et al.,
1997) promoter in pELT GFP∷GCK-3.
Transgenic lines
EV11 animals were injected with a DNAmixture containing a pELT
construct and the transformation marker unc-122∷GFP at a dilution
of 2–10 ng/μl and 90 ng/μl, respectively. Transgenic progeny was
visually inspected for GFP expression in coelomocytes and for
ubiquitous GCK-3 expression. aqp-8 and dpy-7 promoter pELT
constructs were injected without a transformation marker.
Antibody generation
A GST fusion of C-terminal GCK-3 fragment (aa 388–596) was
afﬁnity puriﬁed from BL21 Escherichia coli cells and injected into two
rats after SDS gel puriﬁcation. After initial tests, the serum of rat #3
was afﬁnity puriﬁed against an identical GCK-3 His-tagged fragment
immobilized on an NHS column (Amersham). Immunoblots were
generated with preblocked antibodies against E. coli (OP50) acetone
powder (Miller and Shakes, 1995).
Western blotting analysis
For total worm extracts, 20 hermaphrodites and 40 males were
single picked and immediately frozen in liquid nitrogen. After
resuspension in SDS sample buffer, samples were sonicated in a
water bath for 10 minutes and boiled for 5 min before SDS–PAGE
separation. The gonads from 30 hermaphrodites and 50 males were
extruded in a glass Petri dish in M9 solution containing 0.25 mM
levamisole and 0.02% Triton X-100. The carcass was removed with a
sharp needle, and the individual gonadal arms were transferred in
batches of ten to a tube and immediately frozen in liquid nitrogen.
Samples were resolved by SDS–PAGE and probed by immunoblotting
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antibody. The mean intensity of bands was quantiﬁed using the
histogram function of Photoshop CS3 (Adobe).
Immunocytochemistry
Immunostainings with methanol ﬁxation (Figs. 3 and 4) or 1% PFA
(Figs. 6 and 7) were performed as described (Crittenden and Kimble,
1999). Secondary antibodies (Jackson Laboratories) were coupled to
ﬂuorochromes FITC, CY3, and CY5, and specimens were stained with
DAPI (10 ng/ml) before their embedding in VectaShield (VectaLabs).
Images were taken on a Zeiss Imager Z1 equipped with an Axiocam
MRm (Zeiss) and processed with AxioVision (Zeiss) and Photoshop
CS3 (Adobe). Optical sections were taken with an Apotome (Zeiss)
and maximum intensity projections (Figs. 4 and 7) were generated
with the Axiovision software (Zeiss).
High-pressure freezing and transmission electron microscopy (TEM)
Whole worms were cryoimmobilized using an EM PACT2 + RTS
high-pressure freezer (Leica Microsystems; McDonald et al., 2007).
Samples were freeze-substituted at −90 ° C for 42 h in acetone
containing 1% osmium tetroxide and 0.1% uranyl acetate (Muller-
Reichert et al., 2003). The temperature was raised progressively to
room temperature over 22 h in an automatic freeze-substitution
machine (Leica EMAFS). Samples were thin-layer embedded in Epon/
Araldite, and thin sections (70 nm) were cut using a Leica Ultracut
UCT microtome aiming for the central region of the animal; no
pharyngeal or anal structures were present in the images. Sections
were collected on Formvar-coated copper grids, poststained with
2% uranyl acetate in 70% methanol followed by aqueous lead citrate
and viewed in a TECNAI 12 (FEI) transmission electron microscope
operated at 100 kV. Quantiﬁcations in Fig. 4 and Supplementary Fig. 3
were done using Image J.
GCK-3 kinase assay
N-terminal GST fusion proteins of GCK-3WT and GCK-3K137R were
expressed in BL21 E. coli and bound to glutathione beads. GCK-3
proteins were released from their GSTmoiety by overnight incubation
with PreScission protease (Roche) at 4 °C. Kinase assays were
performed as described in Johnston et al. (2000). In parallel, an
assay with cold ATP was performed for mass spectrometric analysis.
Mass spectrometric (MS) analysis
The Coomassie-visualized GCK-3 band was excised from SDS–
PAGE gels followed by in-gel digestions with various proteases and/or
their combinations in independent experiments; for GluC and ArgC
digestion, see the manufacturer's protocols (Roche), and for trypsin,
see Shevchenko et al. (2006). To produce peptides detectable by mass
spectrometry from Lys-rich stretches in the protein sequence, amino
groups of lysines were in-gel propionylated before the digestion
(Peters et al., 2003). After digestion, peptides were extracted twice
with 50 μl of 5% formic acid and 50% acetonitrile, dried in a vacuum
centrifuge and redissolved in 20 μL of 5% (vol./vol.) formic acid for LC-
MS/MS analysis on an Ultimate 3000 nanoLC system (Dionex,
Amsterdam) interfaced on-line to a LTQ Orbitrap hybrid mass
spectrometer (Thermo Fisher Scientiﬁc) via a robotic nanoﬂow ion
source TriVersa (Advion BioSciences Ltd., Ithaca, NY) as described in
Junqueira et al. (2008) using 3.5 h gradient of 5% to 60% of acetonitrile
in 0.1% formic acid. Acquired MS/MS spectra were determined by
NCBI protein sequences database searches or individual protein
sequences using MASCOT software (Matrix Science, v.2.2.0); the
mass tolerance was set to 20 ppm for peptide masses and 0.5 Da for
masses of peptide fragments; variable modiﬁcation: propionamide(C), carbamydomethyl (C), N-acetylation (protein N-terminus),
pxidation (M); propionyl (K); enzyme: no enzyme speciﬁcity; one
missed cleavage was allowed. All peptide matches with peptide ions
score above 25 were manually evaluated.
Results
gck-3 is a downstream gene in an operon and encodes a broadly
expressed protein kinase
To study the role of certain protein kinase superfamilies in germ
line development, we performed a dsRNAi injection screen and
identiﬁed a Ste20-related protein encoded by the gck-3 locus as a
putative candidate. Upon knockdown, we observed a very small
fraction of sterile adult progeny (b6%, n=635) that contained
occasionally highly underdeveloped germ lines (data not shown).
During our studies, gck-3was reported as an SL1 spliced mRNA from a
single locus gene (Denton et al., 2005). However, our transcript
analysis indicates that gck-3 is a downstream gene in a syntenic
operon with the uncharacterized gene Y59A8B.22 in three related
nematode species (Supplementary Fig 1A). This strongly suggests that
the endogenous promoter of gck-3 is most likely rather complex,
which is consistent with a more recent study (Choe and Strange,
2007). Furthermore, due to the large region covered by this operon
(N30 kb), its sequence elements will be difﬁcult to identify without
knowing the true expression pattern of endogenous GCK-3 protein.
As indicated, RNAi knockdowns of gck-3 were difﬁcult to
reproduce; the injection of dsRNA produced strong phenotypes at a
very low frequency (b2%, nN500) and feeding dsRNA to the worms
resulted in very weak or no phenotypes (data not shown). To avoid
complications by using RNAi-sensitized backgrounds, we isolated a
gck-3 deletion mutant in a reverse genetic mutagenesis screen and
recovered the gck-3(q733) allele. Its genome misses 898 nucleotides,
affecting the entire second exon and ﬂanking intronic sequences,
which leads to a frame shift in the ORF of the gck-3(q733) mRNA, as
conﬁrmed by RT–PCR and cDNA sequencing (Supplementary Fig. 1A).
The remaining GCK-3 polypeptide comprises the nonconserved
amino terminus lacking any obvious functional domains (Fig. 1A). In
a genetic test with the chromosomal deﬁciency yDf4, we observed
no obvious phenotypic difference between gck-3(q733) homozygotes
and gck-3(q733)/yDf4 trans-heterozygotes (data not shown). Recent-
ly, a hypomorphic gck-3(tm1296) mutation that deletes the PF2
domain in the C-terminus was reported (Fig. 1A) (Hisamoto et al.,
2008). Homozygote gck-3(tm1296) animals were much less affected
in their development than gck-3(q733) homozygotes (see below). To
test the strength of either mutation, we generated gck-3(q733)/gck-3
(tm1296) trans-heterozygotes and observed a phenotype similar to
gck-3(q733) homozygotes (data not shown). Taken together, our
genetic analysis suggests that the gck-3(tm1296) allele is a loss-of-
function allele of gck-3, retaining some gck-3 activity, and that the gck-
3(q733) allele is a true genetic null allele, hereafter referred to as gck-3
(q733).
To address GCK-3 expression proﬁles, we generated afﬁnity-
puriﬁed polyclonal anti-GCK-3 antibodies. A single protein of
approximately 70 kDa (predicted MW of 64 kDa), absent in gck-3
(q733) animals, was detected in extracts of staged animals (Fig. 1B,
see also Fig. 6F). GCK-3 is expressed continuously during worm
development from embryogenesis to adulthood. Unfortunately, our C-
terminal anti-GCK-3 antibodies did not cross react with the truncated
form of the tm1296-encoded polypeptide, preventing us from
assessing howmuch GCK-3 is still produced in gck-3(tm1296) animals
(Fig. 1B and Supplementary Figs. 1B and C).
Previous data on GCK-3 kinase activity was limited to unpuriﬁed
fusion proteins, expressed in heterologous systems, which also
contained orthologous genes of this evolutionary conserved protein
(Denton et al., 2005; Hisamoto et al., 2008). To verify that GCK-3 is a
Fig. 1. GCK-3 expression and kinase activity. (A) Protein domain organization of full-length (FL) GCK-3 and putative GCK-3 truncations in given mutants. Novel amino acids are in
grey, and the fragment used for antibody generation (ab) is indicated. (B) GCK-3 developmental expression proﬁle. Emb, embryos; L1–4, larval stages; Ad, adult. (C) Recombinant
GCK-3 kinase activity. (top) Wild-type and kinase-inactive (K137R) GCK-3 assayed for autophosphorylation or with the artiﬁcial substrate myeline basic protein (MBP) on the same
protein gel. Lanemarkedw/o contains no GCK-3. (bottom) LC-MS/MSmapped autophosphorylation sites with predominantly modiﬁed residues in bold. Domain colors according to
(A); orange, sequence coverage.
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using recombinant GCK-3 (highly pure and untagged) and myelin
basic protein (MBP) as an artiﬁcial substrate (Fig. 1C). As a negative
control, we mutated lysine 137 within the kinase domain to an
arginine, generating the GCK-3KR mutant (Fig. 1A). We observed a
weak but speciﬁc phosphorylation activity of GCK-3WT on MBP. We
also discovered a strong autophosphorylation activity of GCK-3WT that
depends entirely on its active kinase domain (Fig. 1C). For both sub-
strates, the GCK-3KR mutation abolished kinase activity as predicted
(Fig. 1C). To assess which amino acids serve as phosphoacceptor sites
for autophosphorylation, we used mass spectrometric analysis and
found that Thr32 and Ser190 were strongly phosphorylated, whereas
Thr13 and Ser405 were weakly phosphorylated (Fig. 1C). None of the
15 tyrosines was found phosphorylated, suggesting that GCK-3 is a
serine/threonine protein kinase.
Zygotic gck-3 is required for larval development and the molting cycle
To investigate developmental roles of gck-3, we focused our
analysis on homozygote gck-3(q733) deletion mutants derived from
heterozygote mothers. In contrast to their adult heterozygote siblings,
all gck-3(q733) hermaphrodites (n=137) have, at low magniﬁcation,
a severely reduced body size and are paler, suggesting an early larval
arrest (Fig. 2A).
To assess the developmental stage of arrested gck-3(q733)
animals, we followed their molting by taking advantage of the mlt-
10p∷GFP-pest ﬂuorescent reporter. The reporter is expressed a few
hours before shedding of the cuticle and then rapidly degraded (Frand
et al., 2005). All gck-3(q733) animals tested (n=10) showed only one
peak of GFP-expression, which contrasts to wild type, where four
peaks were observed during the same time period, corresponding to
four molts from L1 to adulthood (n=10) (Fig. 2B). Also, the timing of
the single molting event was noticeably delayed compared to wildtype (Fig. 2B). We conclude that gck-3(q733) animals undergo only
one molting event.
In wild-type animals, the cuticle forms lateral ridges that span the
length of the animal in the L1 larvae, the dauer stage and in the
adulthood, but not in L2–L4 larval stages (Figs. 2C–E). Therefore, we
conﬁrmed the larval arrest by examining the morphological appear-
ance of the cuticle by electron microscopy. The arrested gck-3(q733)
animals examined (n=6) did not form ridges (Fig. 2F), which is
consistent with a single molt event and argues also against the dauer
stage. Another line of evidence that the phenotype is not an
unrecognized dauer arrest is that gck-3(q733);daf-12(rh61r411)
double mutants remained small-sized and L2-like arrested (n=15).
daf-12 is themost downstream gene in the dauer pathway, and daf-12
(rh61r411) is able to suppress known dauer constitutive mutations
(Riddle et al., 1981).
To exclude the possibility of an aberrant mlt-10p∷GFP-pest
expression in the gck-3(q733) background, we followed their
successive moltings and counted the number of shed cuticles on
the plate. To this end, we transferred L1 synchronized progeny of
heterozygote mothers on single plates and monitored their
development in regular intervals until the small gck-3 homozygote
mutant animals had died. In addition, we also inspected several
small animals at higher magniﬁcations via Nomarski microscopy
and compared them to similarly aged heterozygote or non-gck-3
mutant siblings.
Surprisingly, we found two kinds of similarly small-sized animals
that only appeared to have had molted once and lived up to 6 days,
compared to 30 days of a continuously developing “wild-type”
counterpart (Fig. 2G). The majority of gck-3(q733) animals (87.5%,
n=16) superﬁcially appeared as L2-like larvae with no fully formed
vulva or gametes (Supplementary Fig. 2E). However, a minor class of
gck-3(q733) animals (12.5%, n=16) had developed an everted vulvae
and possessed an adult-type alae (Supplementary Figs. 2B, C, and I).
Fig. 2. gck-3(q733) larval arrest. (A) Nomarski images of similarly aged wild-type and gck-3(q733) animals. Yellow dashed line, outline of the germ line; white caret, position of the
vulva. (B) Graph ofmlt-10p∷GFP expression. Individual molting events were followed after L1 synchrony. (C–F′) TEM images of wild-type larvae and gck-3(q733) animals in cross-
sections. ec—excretory cell, sc—seam cell, ct—cuticle, al—alae, adult—adult alae. (G) Molting graph of indicated genotypes derived from monitoring molting the animals at the given
time points and counting shed cuticles. Arrested gck-3(q733) animals died around 140 h, whereas adult animals continued to live longer (not shown).
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germ line and lacked differentiated gametes, yet had no overt
abnormalities in the somatic parts of the gonad (Supplementary
Fig. 2D). Strangely, we were not able to catch multiple molting events
nor did we recover more than one shed cuticle, suggesting that we
either had not identiﬁed all cuticles/molts or that the animals started
to secrete the alae structure independently of completing multiple
molt cycles. The former possibility gains support by the fact that these
cuticles are extremely small and hard to detect; however, we would
have to havemissed three additional cuticles/molts, which is unlikely.
In support of the latter hypothesis is our molting reporter analysis,
where we did not observe more than one expression peak of the
molting reporter. Therefore, we propose that these animals undergo
an alternative second molting cycle that may be more adult-like. In
summary, we conclude that the loss of gck-3 activity results in two
classes of small-sized animals that have a similar molting behavior
from the L1 stage to the L2 stage but differ in the morphology of the
cuticle and the developmental stage of the vulva. The larger fractionarrest as L2-like animals and the small fraction appears small adult-
like with vulva and germ line formation defects.
gck-3 is required for coordinated postembryonic development
Next, we analyzed the overall developmental defects of the L2-like
arrested animals in more detail by assessing the developmental status
of two internal organs that depend postembryonically on the
developmental age of the animal, i.e., the vulva and the gonad. The
status of these organs is often used to gauge the developmental stage
of the animal. To visualize the global organization of the tissues, we
stained ﬁxed animals with the chromatin dye DAPI (Fig. 3). In wild-
type animals, gonadogenesis and vulva formation are linked, with
timing correlated to larval progression (Kimble and Hirsh, 1979;
Sulston and Horvitz, 1977). In the L2 stage, the germ cells are in
the center of the developing gonad, and only the vulval precursor
cells are speciﬁed (Figs. 3A and B). In early L3, the gonadal primor-
dium rearranges to form a central somatic structure ﬂanked by two
Fig. 3. gck-3 is required for coordinated postembryonic development. (A) Scheme of correlated gonad and vulva development. Somatic gonadal cells in black and germ cells in grey:
mit.—mitosis, TZ—transition zone, pachy.—pachytene. In L3 and L4, only the two somatic distal tip cells, which cap the two germ line arms, and central uterine/spermatheca cells are
depicted for simplicity. Uninduced vulva precursor (P) cells give rise to primary (1˚) and secondary (2˚) vulva fates. (B–D′) Nuclei visualized by DAPI staining. Yellow dashed line,
outline of the germ line; white caret, position of the vulva; asterisk, distal tip cell location. (B) Wild-type L2 larvae have an immature gonad and no vulva. (C) L2-like arrested gck-3
(q733) animal, which is of similar age to an adult hermaphrodite. Take notice of two small germ line arms and a vulva similar to a (D) wild-type L4 larvae. (C′ and D′)Magniﬁed vulva
arch.
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(Fig. 3A). The vulval cell fate is induced by the gonadal anchor
cell, and vulva formation becomes morphologically apparent in
late L3, resulting in the genesis of a vulval arch in mid-L4 animals
(Figs. 3A and D′). Adults possess an everted, highly symmetric vulva
(Supplementary Fig. 2F). Concomitant with vulva formation, both
germ line arms grow into a U-shaped tube, and the most proximal
germ cells enter meiosis in L3 and start differentiating into sperm in
L4, while the adult produces oocytes only (Figs. 3A and D).
To our surprise, we ﬁnd that when heterozygote siblings reached
adulthood, L2-like gck-3(q733) animals displayed defects in gonad
and vulva development that do not correlate with their presumed
developmental stage. We ﬁnd that gonadogenesis had proceeded to
an L3-like stage with a central somatic gonadal structure and two
ﬂanking, small germ line arms (Fig. 3C and Supplementary Fig. 2E).
The number of germ cells was similar to that of wild type of the early
L3 stage, containing on average ∼46 germ cells (n=8). However, no
clear meiotic stages were detectable, and gametogenesis was absent.
In contrast, vulva formation had initiated and proceeded to form a full
arch similar to wild-type L4 animals (Figs. 3C and C′). Nevertheless,
none of these organs reaches adult morphologies, which is consistent
with a larval-like arrest. Taken together, gck-3 is required in multiple
organs to couple morphogenesis to the developmental stage of the
animal. In particular, vulva development and gonad/germ line
development are out of synchrony and fail to develop into adult
structures.
GCK-3 is expressed in the excretory cell and regulates its growth
Previous transcriptional reporter studies suggested that gck-3
might be expressed in the excretory cell (Choe and Strange, 2007;
Denton et al., 2005). The excretory cell is a large, H-shaped cell that
extends laterally throughout the entire animal body and functions as
the renal system of the worm (Nelson and Riddle, 1984). To addressthe endogenous protein expression pattern of GCK-3, we performed
whole-mount immunostainings (Fig. 4). We observed an essentially
ubiquitous, low-level anti-GCK-3 staining in most tissues with a
pronounced appearance in the excretory cell of the wild type; no
staining above background was present in gck-3(q733) animals
(Figs. 4A–C). Subcellularly, GCK-3 is present in the cytoplasm of the
excretory cell as compared to the ERM-1, which outlines the canal
lumen as an apical membrane-localized protein (Fig. 4A) (Gobel et al.,
2004). In addition, the excretory cell body contains increased cyto-
plasmic levels of GCK-3, which is in contrast to VHA-8, a cytosolic
subunit of a vacuolar-type H+ -ATPase that is almost exclusively
localized to the excretory canals (Figs. 4D, E, and F) (Choi et al., 2003).
A previous study reported shortened excretory canals in gck-3
(RNAi)-treated wild-type or hypomorphic gck-3(tm1296) animals
(Hisamoto et al., 2008). Consistent with this, we ﬁnd that gck-3(q733)
animals possess also shortened excretory canals (Fig. 4B). However,
no animals (nN50) were observed without canals, indicating that gck-
3 is not essential for the formation of the excretory cell. With respect
to the excretory cell, both alleles of gck-3, the complete and partial
loss-of-function allele, show the same phenotype. Furthermore, we
compared excretory canal formation among different stages of wild-
type to gck-3(q733) arrested animals by analyzing the ultrastructure
of the excretory canal using electron microscopy. In cross-sections of
wild-type excretory cells, we observed a circular lumen in the center
of the canal surrounded by secretory vesicles (Figs. 4G, H, and I). In
parallel to the different larval stages and the increase of body size
during development, the excretory cell area and the number of
vesicles increased inwild type, ranging from 0.92 mm2 and 15 vesicles
in L1 stage to 2.86 mm2 and 58 vesicles in the L4 stage (Fig. 4M).
Although gck-3(q733) mutant animals do not show gross abnormal-
ities in canal morphology (Figs. 4J and L), we ﬁnd that the excretory
cell of gck-3(q733) animals resembles that of the L4 wild-type stage
with an average of 51 vesicles and 2.4 mm2 cell area (Fig. 4M).
Occasionally, we observed the formation of additional smaller lumen
Fig. 4. GCK-3 is expressed in the excretory cell and affects its morphology. (A–F) Images of whole mount immunostained hermaphrodites. (A–C) Entire adult animal or (D and F) a
head region fragment. Arrowhead, excretory cell body; arrows, excretory canals posterior tips. (E) Schematic representation of excretory cell structures as in panels D and F. (G–L)
TEM images showing posterior excretory canal cross sections. Asterisk, canal lumen. Insets, higher magniﬁcation of excretory vesicles. Arrowhead, example of a docked vesicle. (G–I)
Wild-type, the animals of the L2/L3 stage were not precisely separated by age. (J–L) Three independent gck-3(q733) animals are depicted. (M) Quantiﬁcation of cell area (top axis)
and number of vesicles (bottom axis) in given wild-type larvae and gck-3(q733) animals. n=number of images/number of animals.
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(data not shown). In summary, we conclude that endogenous GCK-3
is expressed in the excretory cell and preferentially enriches in the
cytosol. Minormorphological excretory cell defects are present in gck-
3(q733) animals, such as an enlarged canal in L2-arrested animals and
a posterior shortening of the canals. However, no gross morphological
abnormalities are eminent.
gck-3 deﬁcient animals show defects in the digestive tract
Another place of GCK-3 expression has been proposed to be the
gut for which a physiological function of gck-3 was suggested (Choe
and Strange, 2007). However, we observed several morphological
alterations that appear inconsistent with a sole role of GCK-3 in ion
homeostasis (Supplementary Fig. 3). Upon feeding GFP-expressing
E. coli, we observed a striking accumulation of GFP-positive bacteria in
the gut lumen in the gck-3(q733) arrested animals but not in the
wild type (Supplementary Figs. 3A and C). Indeed, intact bacteria are
present in the gut of the mutant animals as judged by electron
microscopy (Supplementary Fig. 3J). Furthermore, we ﬁnd that the
intestinal lumen is dilated and extensively folded. In single cross
sections, we noted more than one intestine lumen, indicating a strong
folding of the intestinal lumen that is absent in the wild type (for an
example, compare Supplementary Fig. 3E with F). A closer exami-
nation of the length of the microvilli revealed that gck-3(q733)
animals are comparable to wild-type L2 larvae (Supplementary
Figs. 3G and M). Furthermore, we conﬁrmed that endogenous GCK-
3 is expressed in all gut cells where it localizes to the cytoplasm and to
a large extent to the nucleus (data not shown, for an example,compare Supplementary Figs. 3O and Q). In summary, GCK-3 is
expressed in the gut and its absence appears to affect the function of
the gut, which ﬁlls with undigested bacteria.
Full rescue of the gck-3(q733) phenotype requires ubiquitously
expressed kinase activity
To investigate if the gck-3(q733) phenotypes are caused by a loss of
kinase activity or the removal of the protein, we performed somatic
rescue experiments. We generated transgenic gck-3(q733) animals
expressing GFP-tagged GCK-3 under the control of the let-858
promoter, which is ubiquitously active at a basal level. The let-858
promoter was chosen because it is often effectively silenced in the
germ line as part of extrachromosomal arrays (Kelly et al., 1997) and
the endogenous promoter of the extremely large gck-3 operon was
unclear. Several independent lines were obtained and characterized
as fully rescued in their soma (Fig. 5). GCK-3WT transgenic animals
developed into adulthood in the proper time frame and were
essentially indistinguishable from wild-type counterparts (Figs. 5A,
B, and C and Fig. 2G). However, these adult hermaphrodites are sterile
and produce essentially no embryos; the few embryos produced (on
average, 2; n=56) do not develop into living progeny (see below).
The GFP∷GCK-3WT fusion expressed close to wild-type levels
throughout the body of the animal, including somatic cells of the
gonad (Fig. 5K, data not shown). Most prominently, GFP∷GCK-3WT
was enriched in intestinal cells, consistent with endogenous expres-
sion as observed by antibody staining (Fig. 5C and Supplementary
Fig. 3O). No visible expression of GFP∷GCK-3WT was detected in germ
cells when probing with either anti-GCK-3 (data not shown; for an
Fig. 5. Somatic rescue of gck-3(q733) animals. (A, B, D, F, and H) Nomarski and
corresponding (C, E, G, and I) GFP channel images of a wild-type animal or transgenic
gck-3(q733) hermaphrodites expressing either wild-type or kinase inactive GFP∷GCK-
3 from given promoters with a mainly (A–E) ubiquitous, (F and G) excretory cell, or (H
and I) hypodermal activity. Scale bar, 20 μm. (C and E) White arrowheads, coinjection
marker expressed in coelomocytes. (H) Inset, magniﬁed adult alae. (J) Summary of all
injected constructs and their ability to rescue the somatic defects of gck-3(q733)
animals. (K) Immunoblots of worm extracts from gck-3 heterozygotes carrying the
indicated GFP∷fusion proteins.
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determine whether the kinase activity is essential for all gck-3 somatic
functions, we attempted to rescue gck-3(q733) animals with the
kinase-dead mutant, GCK-3KR. No rescue of the L2-like or small adult-
like phenotype was observed although the fusion protein wasexpressed well (Figs. 5D, E, J, and K and Supplementary Fig. 2J).
Also, the penetrance of both phenotypic classes was similar to
nontransgenic gck-3(q733) homozygotes. Transgenic GCK-3KR small
adult-like arrested animals occurred with a frequency of 14% (n=36)
compared to 12% (n=16) of gck-3(q733) homozygotes without a
transgene. We conclude that the observed somatic developmental
defects in gck-3(q733) animals are solely dependent on gck-3 activity
and requires a functional kinase domain.
GCK-3 expression in speciﬁc organs does not rescue gck-3(q733)
animals
Aswe observed abundant expression of GCK-3 in the excretory cell
(Fig. 4A) we tested if a lack of GCK-3 activity in this cell type is
responsible for the developmental defects in gck-3(q733) animals. We
generated transgenic gck-3(q733) animals that expressed GFP∷GCK-
3WT under the control of the aqp-8 promoter, which is reported to act
exclusively in the excretory cell (Mah et al., 2007). In contrast to a
ubiquitous expression of GCK-3, no general rescue was observed,
although occasionally the canal-shortening defect was rescued.
However, we observed that the penetrance of both classes of gck-3
(q733) arrested phenotypes had changed. The majority of the small-
sized transgenic animals (55%, n=38) showed an adult-type alae and
an everted vulva (Figs. 5F, G, and J and Supplementary Fig. 4), and the
germ line was strongly underdeveloped and poorly differentiated,
similar to the small adult-like gck-3(q733) animals (Supplementary
Fig. 4A). Fewer transgenic animals (45%, n=38) were L2-like
arrested, suggesting that the number of small adult-like animals is
increased, therefore, representing a partial rescue of the prevailing
gck-3(q733) L2-like arrest (Fig. 5J). In any case, no rescue to adulthood
as seen with the ubiquitous let-858 promoter was present.
Upon closer examination of aqp-8p∷GFP∷GCK-3WT animals, we
noticed a striking correlation; 17 out of 21 small adult-like animals
showed aweak ﬂuorescence signal above background in other tissues,
most notably in the hypodermis (Supplementary Fig. 4B). To test the
possibility that the shift of penetrance between the two phenotypic
classes may be due to an ectopic expression of GFP∷GCK-3WT outside
or in addition to the excretory cell, we generated transgenic animals
with the hypodermal-speciﬁc promoter dpy-7 (Gilleard et al., 1997).
dpy-7p∷GFP∷GCK-3WT-carrying gck-3(q733) animals developed in
61% the cases (n=51) into small, small adult-like animals (Figs. 5H, I,
and J and Supplementary Fig. 4C). No additional GCK-3 expression
beside the hypodermis was observed, suggesting that a hypodermal
expression of GCK-3 may be responsible for the increased percentage
of small adult-like aqp-8 transgenic animals. The remaining 39% of
dpy-7p∷GFP∷GCK-3WT animas were categorized as L2-like arrested
(Fig 5J). Taken together, we conclude that GCK-3 expression in the
hypodermis increases the occurrence of small adult-like animals. The
expression of GCK-3 in the excretory cell appears to be unable to
rescue any of the two classes of gck-3(q733) defective animal types,
although it is a major place of GCK-3 expression. Nevertheless, all
these transgenic gck-3(q733) animals still possess a deformed vulva
and seem not to develop into normal-sized adults.
GCK-3 is widely expressed in the adult germ line
A phenotypic trait that surfaced in all our experiments was the
strong sterility associated with both classes of gck-3(q733) animals or
with somatically rescued let-858p∷GFP∷GCK-3WT transgenic gck-3
(q733) animals. In addition, wild-type oocytes contain gck-3 mRNA
and gck-3(tm1296) animals were reported as partially infertile
(Denton et al., 2005; Hisamoto et al., 2008). Together, these data
suggested that GCK-3 may be expressed in the gonad and, in
particular, in germ cells. Hence, we examined the expression and
distribution of GCK-3 in the gonad by immunocytochemistry and
immunoblotting (Fig. 6).
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for the presence of GCK-3 (Figs. 6C and D) and PGL-1, a germ cell
speciﬁc marker that served as a staining and permeability control
(data not shown). We found GCK-3 cytoplasmically expressed in
essentially all germ cells of both sexes with the exception of mature
sperm, where it is not present. In wild-type hermaphrodites, low
levels of GCK-3 are visible in mitotic and meiotic germ cells including
maturing oocytes (Fig. 6C); this staining is speciﬁc as it is much
reduced in germ lines of somatically GCK-3WT-rescued animals (data
not shown; for oocytes, compare Fig. 6C′ with C″). In the male germ
line, GCK-3 is upregulated in maturing spermatocytes (compare
Fig. 6C with D). Elevated protein levels start to be readily visible in
meiotic pachytene and remain high until the secondary spermatocyte
stage, at a time when the second meiotic division ﬁnishes and GCK-3
is deposited into the residual bodies (Figs. 6C and D). Somatic
structures of the gonad also stained speciﬁcally with anti-GCK-3
antibodies; an expression of GCK-3was visible in the distal tip cell and
the gonadal sheath cells, including cells of the spermatheca (data not
shown).
Next, we evaluated the expression level of gonads compared to the
other tissues by probing extracts made from whole worms or gonadal
tissue (Figs. 6E and F). In adult hermaphrodites, GCK-3 is expressed to
a large extent in the soma, as glp-1(q224) mutant worms withFig. 6. Germ cell expression of GCK-3 in adult animals. (A–D) Indirect immunocytochemistry
regions of panels A and C′ inserts; Asterisk, distal tip cell. Small arrowheads in panel C point t
panels B′ and D′ germ cells. Note, identical microscopic exposure times and image processing
oocyte derived from somatic-rescued gck-3(q733) hermaphrodites (let-858p∷GCK-3WT, as
panels C and D. Empty arrowheads (A′, C′) point to sheath cells. (E and F) Immunoblots of
(q224) animals have essentially no germ cells (no gl). Hermaphrodite germ lines from let-858
fusion protein that is predominantly expressed in somatic gonadal cells (see text for detailessentially no germ line contain a substantial amount of GCK-3
(Fig. 6E). Males appeared not to contain higher amounts of GCK-3
than hermaphrodites (Fig. 6E). This is in contrast to extracts made
from extruded gonads of both sexes where we ﬁnd that male gonads
contain more GCK-3 than hermaphrodite gonads (Fig. 6F). Gonads of
somatically GCK-3WT-rescued animals show no detectable endoge-
nous GCK-3 and, therefore, serve as a good speciﬁcity control (Fig. 6F).
Nevertheless, the GFP∷GCK-3 fusion protein is highly expressed, and
most of the protein amounts seem to correlate with the strong GFP-
ﬂuorescence that we observed in somatic gonadal cells, i.e., sheath
cells, spermatheca, and distal tip cell of these animals (data not
shown). However, we cannot exclude that the let-858p transgene is
only partially silenced in germ cells and a small fraction of the
GFP∷GCK-3 fusion protein is derived from germ cells. In summary,
our data demonstrates that endogenous GCK-3 is expressed in the
somatic gonad and throughout the germ line, where it accumulates
most prominently during spermatogenesis.
GCK-3 has multiple roles in germ line development and is essential for
spermatogenesis
Our original gck-3(RNAi) experiments suggested germ cell
proliferation and differentiation defects. Consistent with the RNAiof (A and C) hermaphrodite and (B and D) male extruded germ lines. Large arrowhead,
o residual bodies of matured sperm (dashed line). GCK-3 is enriched in the cytoplasm of
for panels C and D. GCK-3 is expressed in a (C′) wild-type but not in a (C″) gck-3(q733)
shown in Fig. 5B). Comparable exposure times in C′ and C″, which are longer than in
(E) total worm or (F) extruded germ line (gonad) extracts. Temperature shifted glp-1
p∷GCK-3WT serve as a negative control. The asterisk denotes a GFP∷GCK-3 translational
s). A quantiﬁcation of the GCK-3-to-tubulin ratio is given.
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mature gametes in gck-3(q733) animals (Fig. 3B and Supplementary
Figs. 2D and E) and small adult-like gck-3(q733) animals, expressing
either aqp-8p∷GFP∷GCK-3WT (Supplementary Fig. 4A) or dpy-
7p∷GFP∷GCK-3WT (Supplementary Fig. 4C. Occasionally, we detected
half-moon shape germ cell nuclei, which are indicative of meiotic
entry (Supplementary Fig. 4C). As the overall developmental defects
of gck-3(q733) animals prevented us from analyzing further germ line
development and gametogenesis defects, we turned our attention to
the following two strains: the somatic rescued homozygote gck-3
(q733) background carrying the let-858p∷GFP∷GCK-3WT transgene
(referred to as GCK-3WT) animals, and the gck-3(tm1296) homozygote
progeny from heterozygote mothers.
We ﬁnd that the majority (86%, n=56) of GCK-3WT animals is
sterile and hold no embryos in the uterus. Some animals (14%, n=56)
are partially fertile and produced less than 10 dead embryos on
average. gck-3(tm1296) animals contain on average∼5 embryos
(n=11) and produce no living progeny (nN100), suggesting that a
reduction of gck-3 activity in germ cells may cause defective
gametogenesis. Similarly, gck-3(q733) animals produce no embryos
(n=137). To test if the low number of embryos is a consequence of
sperm- or oocyte-associated defects, we mated GCK-3WT hermaph-
rodites with wild-type males; the number of offspring increased toFig. 7. Spermatogenesis defects in somatic rescued gck-3 mutant animals. Proximal germ lin
with (A, A′, A″, D, D′, E, E′) DAPI and (B, B′, B″) the sperm-speciﬁc antibody SP56. (C, C′, C″) Ov
of optical sections. Spermatocytes undergoing the ﬁrst (1º) and second (arrows) meiotic div
abnormalities.152 embryos (n=14) with a lethality rate of ∼70%. Conversely, gck-3
(tm1296) males demonstrated poor mating efﬁciency and rarely
managed to produce cross-progeny. These observations suggest
that the extremely low number of progeny in gck-3(q733) mutants,
is a consequence of either a reduced sperm count or of poor quality
sperm. Furthermore, there exists a strong maternal contribution of
GCK-3 for proper embryogenesis. Unfortunately, we failed to generate
GCK-3WT males after many different attempts to test the quality of
gck-3(q733) sperm directly.
To investigate the likely defects in spermatogenesis more closely,
we extruded germ lines from young adult hermaphrodites and adult
males (Fig. 7). Characteristic nuclear morphologies, visualized by
DAPI staining, allow for the easy identiﬁcation of each meiotic stage,
whereas differentiating sperm cells are also immunoreactive with the
antibody SP56 (Figs. 7B–B″) (Ward et al., 1986). In wild-type
hermaphrodites, each gonad arm contains ∼40 immature spermato-
cytes that progress immediately through both meiotic divisions to
produce∼160mature sperm cells; males produce sperm continuously
(Figs. 7A and D).
At ﬁrst, we noticed that germ lines from GCK-3WT animals vary in
size. Although the germ lines of GCK-3WT animals aremostly of similar
size compared to wild type, we also found smaller germ lines that
appeared under proliferated, which, in extreme cases, were half thees (dashed outline) of (A–C″) young adult hermaphrodites and (D′–E′) males. Stained
erlay. (A–C″, E–E′) Epiﬂuorescent images. (D, D′)Maximum intensity projection images
isions are outlined; white arrowhead, mature sperm nuclei; red arrowhead, chromatin
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(tm1296) animals exhibit mild proliferation defects, resulting in
smaller germ lines (Supplementary Fig. 2A).
Consistent with the extremely low occurrence of embryos, we ﬁnd
few mature sperm in some GCK-3WT germ lines. Occasionally, we
also spotted SP56-positive cells arrested in meiosis II as secondary
spermatocytes. For the most part, GCK-3WT animals contain primary
spermatocytes arrested in meiosis I (Figs. 7A′, B′, and C′). The
condensed chromatin of these spermatocytes stained also positive for
anti-phospho Histone 3, a marker of prometaphase (data not shown).
Furthermore, we noticed that mutant germ lines produce on average
about 22 (n=6) primary spermatocytes, which is an approximately
50% reduction compared to wild type. The observed variability of
meiotic defects in somatic rescued animals may reﬂect an incomplete
suppression of the let-858 promoter in the germ line, and as a con-
sequence, different levels of gck-3 activities may be required for
meiosis. Consistent with this, we also ﬁnd that hypomorphic gck-3
(tm1296) hermaphrodites contain a larger number of mature sperm
(N100). However, their sperm is abnormal as it fails to condense
properly and shows signs of chromatin fragmentation (Fig. 7A″). Such
morphologically aberrant, mature sperm nuclei are also readily visible
in male germ lines (Fig. 7D′). In particular, chromatin bridges
connecting condensed sperm nuclei were eminent, suggesting severe
chromosome segregation defects (Fig. 7E′). We also noticed that the
chromatin of the stages before the ﬁrst meiotic segregation, i.e., late
pachytene and diplotene, was not as condensed and orderly arranged
as in wild type (compare Figs. 7D and D′).
Taken together, our results clearly demonstrate an involvement of
gck-3 in promoting various steps of overall germ line development.
Also, GCK-3 kinase activity is required for the sperm fate and is
important for normal progression of male meiosis I and II. The
spermatogenesis defects in somatically GCK-3WT-rescued gck-3(q733)
hermaphrodites are severer than those in gck-3(tm1296) animals.
This suggests that the PF2 domain of GCK-3, an established protein
interaction domain and presumptive substrate-binding region
(Anselmo et al., 2006; Choe and Strange, 2007; Gagnon et al.,
2006b; Moriguchi et al., 2005; Piechotta et al., 2003; Vitari et al.,
2006), is important for faithful chromosome segregation during
meiotic divisions.
Discussion
This study signiﬁcantly expands the known physiological reper-
toire of the highly conserved GCK-VI subfamily of Ste20 kinases. GCK-
VI kinases are established regulators of ion homeostasis and cell
volume control. Our work identiﬁed numerous developmental
functions in the soma and the germ line for GCK-3, the sole GCK-VI
kinase in C. elegans. As GCK-VI kinases are extremely well conserved
and expressed in a wide variety of tissues, we propose that all
members of this Ste20 subfamilymay be crucial regulators of a diverse
array of likely conserved developmental processes.
The established signaling functions of GCK-3 in osmoregulation
Previous work on GCK-3 supported a conserved role of GCK-VI
kinases in ionic stress situations in mammals and C. elegans. In the
worm, tissue-speciﬁc gck-3 dsRNAi knockdowns in the hypodermis or
the intestine, but not in the excretory cell, lead to a failure in acute
volume recovery and survival after excessive hypertonic shrinkage,
suggesting that the hypodermis and the intestine are organs of
osmoregulation and presumed sites of gck-3 activity (Choe and
Strange, 2007). Consistent with this, we also ﬁnd in our tissue-speciﬁc
rescue experiments that gck-3 is active in the hypodermis and
contributes to larval progression. If this function is connected to the
role of gck-3 in ion homeostasis is currently unclear, the animals were
raised in standard physiological conditions. However, overall expres-sion in the hypodermis might be low, because we failed to detect a
strong hypodermal expression in immunostainings that was above
background.
In contrast, we readily observe endogenous GCK-3 expression
throughout the entire excretory cell. Recent work by Hisamoto et al.
(2008) demonstrated that gck-3 regulates excretory cell morphology;
gck-3(tm1296) hypomorphic mutants contain excretory canals
with shortened posterior ends (Hisamoto et al. 2008). As the
tm1296mutation is a partial loss of gck-3 function, we were surprised
to ﬁnd that animals carrying a genetic null mutation in gck-3 do not
display a more drastic shortening of the canals (Fig. 4B). Furthermore,
we ﬁnd that the characteristic morphology of the excretory cell,
including its internal organization, appears, to a large extent, similar
to wild type (Fig. 3). The canal shortening phenotype was occasionally
rescued in animals expressing a fully functional GFP∷GCK-3 fusion
protein in the excretory cell. Surprisingly, we did not observe a
correlation of this partial rescue with the expression levels differences
of GFP∷GCK-3 amounts. Also, ubiquitously expressing GCK-3WT gck-3
(q733) animals do not have an overt canal shortening defect. This
suggests that GCK-3 expression in the excretory cell alone is not
sufﬁcient for excretory cell formation, and it is plausible that other
tissues may therefore provide gck-3 function. This hypothesis is
consistent with a previous ﬁnding that canal defects in gck-3(tm1296)
can be rescued by a heat shock promoter driven GCK-3 expression
construct, which is presumably ubiquitously expressed (Hisamoto
et al. 2008). Therefore, we propose that gck-3 activity appears
not essential for excretory cell formation per se but rather may be
required cell autonomously and/or nonautonomously to regulate
excretory tube formation, likely as a consequence of its activity in the
hypodermis.
C. elegans GCK-3 is placed in a genetic pathway that resembles the
signaling pathway of its mammalian orthologs, established in tissue
culture (Anselmo et al., 2006; Choe and Strange, 2007; Hisamoto et al.,
2008; Moriguchi et al., 2005; Vitari et al., 2006). The only known
upstream regulator is WNK-1 kinase, which phosphorylates GCK-3 at
position S419 and requires the most C-terminal PF2 domain for its
interaction (Hisamoto et al., 2008). GCK-3 uses the same PF2 region
for binding to its sole known substrate, the ClC anion channel, CLH-3b
(Denton et al., 2005). As GCK-3-mediated phosphorylation of CLH-3b
results in channel inhibition (Falin et al., 2009), the down-regulation
of clh-3 activity may suppress gck-3 mutants. Indeed, a partial rescue
of the excretory canal and the fertility defects of the gck-3(tm1296)
hypomorph was reported (Hisamoto et al., 2008). Nevertheless, we
were not able to suppress the additional defects of gck-3(q733)
animals with either of the two reported mutant alleles of clh-3; e.g.,
double mutants of clh-3(ok763);gck-3(q733) were either L2-like
or sterile small adult-like animals. Furthermore, clh-3 function and
CLH-3b expression is only reported for oogenesis (Denton et al., 2005;
Rutledge et al., 2001). Taken together, this suggests that the genetic
dependency of gck-3 on clh-3 activity is most pronounced in the
excretory cell and in oocytes. Hence, ion channel regulation may
represent only one aspect of the GCK-VI kinase target repertoire.
Novel functions of GCK-3 during postembryonic development
Consistentwith a continuous expression throughout development,
many tissues were found to require GCK-3 kinase activity during
development. However, the expression levels between tissues vary
substantially and some tissues are more sensitive to a reduction of
gck-3 activity than others, as demonstrated by dsRNA knockdown
experiments or the tm1296 hypomorph. All known substrates and
regulators of GCK-VI kinases require the C-terminal PF2 region
(Anselmo et al., 2006; Choe and Strange, 2007; Gagnon et al.,
2006b; Moriguchi et al., 2005; Piechotta et al., 2003; Vitari et al.,
2006). The PF2 domain is sufﬁcient for all known protein–protein
interactions (Choe and Strange, 2007), but this domain is dispensable
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2004; Gagnon et al., 2006a;Moriguchi et al., 2005). In accordancewith
this, we ﬁnd that all somatic functions of GCK-3 require kinase
activity, and the phenotypes of animals expressing a C-terminal
truncated form of GCK-3 are less severe than the phenotypes of
animals with no GCK-3 protein. This suggests that GCK-3 lacking a PF2
domain maintains some kinase activity in vivo. Our genetic comple-
mentation tests of gck-3(tm1296) this interpretation. Furthermore,
our comparison of the gck-3(q733) phenotypes with transgenic
rescuing constructs implies that GCK-3(tm1296) may still be able to
recognize some of its substrates, probably through its kinase domain.
The identiﬁcation of these substrates will be a necessary step in the
future to understand the many biological roles of GCK-VI kinases.
The complete loss of gck-3 activity results in a severe derailment of
several connected developmental processes, the molting cycle of the
animal, and the postembryonic development of the reproductive
system. Each molting cycle involves the synthesis of a new cuticle
beneath the old one, which is subsequently shed (ecdysis) (Frand
et al., 2005). The cuticle represents the worm's exoskeleton and needs
to be replaced to allow the growth of the animal to its ﬁnal adult size.
The cuticle is secreted for themost part by the hypodermis. The lateral
seam cells generate the alae, which are stage-speciﬁc surface
modiﬁcations of the cuticle (Frand et al., 2005). Our analysis
demonstrates that gck-3 activity is crucial for molting cycles (Fig. 2).
L1 larvae require GCK-3 for a timely correct ﬁrst molting event and
subsequently GCK-3 becomes essential for a second molting event,
suggesting that different molts may require different gck-3 activity
levels. Furthermore, we speculate that the initial delay may represent
a cuticle synthesis problem or may be the consequence of irregular
hypodermal development. Interestingly, epithelial expression of GCK-
3 with the dpy-7 promoter increases the percentage of animals that
contain adult-type alae on their lateral side although theymolted only
once. This observation may suggest that in these special non-L2-like
cases, the seam cells acquire adult fate and secreted the adult-
type alae, while the rest of the hypodermis synthesizes only one
postembryonic cuticle. Interestingly, gck-3(q733) animals contain a
strongly folded intestinal lumen, suggesting that the gut epithelium
may continue to grow in size, but the rigid exoskeleton prevents its
further expansion. Which endocrine and neuroendocrine pathways
are required to trigger epithelial cells to remodel the exoskeleton is
still unclear.
The reproduction system of C. elegans develops for the most part
postembryonically, and its characteristic morphologies are normally
used to stage the animal's age. However, loss of gck-3 activity disrupts
the stereotyped and timely coordinated development of the gonad
and the vulva; the gonadal and vulval morphologies are reminiscent
of the L3 or L4 stage, respectively. Vulval development is initiated by a
signal from the gonadal anchor cell (Kimble, 1981; Sulston andWhite,
1980). The gonadal distal tip cell promotes germ cell proliferation and
the U-shaped morphology of the gonad (Kimble and White, 1981).
Hence, vulva development in gck-3(q733) mutants appears to be a
consequence of a correctly speciﬁed anchor cell at the L2 stage and the
subsequent determination of the vulva precursor cells. However, gck-
3 activity is required at a later stage in the vulva development to go
beyond the L4-like vulva morphology. Although this requirement can
occasionally be overcome in small adult-like gck-3(q733) animals, the
everted vulva is abnormal and lacks its normal symmetry, indicating
that gck-3 is important for vulva development at multiple stages.
Many signaling cascades are known to be involved in vulva formation,
including MAP kinase signaling (reviewed in Sternberg, 2005). As
some Ste20 kinases are known to act as upstream regulators of MAPK-
mediated signaling (reviewed in Dan et al., 2001), it is tempting to
speculate that gck-3 may regulate vulva development as modulators
of MAPK pathways, although alternative possibilities exist. Regard-
less, the hypodermis and seam cells are together with cells forming
the vulva epithelial structures of the worms. Both mammalianorthologs of GCK-3 are expressed in many epithelial tissues (Chen
et al., 2004; Piechotta et al., 2002). Knockout mice for OXSR1 are
embryonic lethal and mutants in the Drosophila ortholog Fray are
larval lethal (Geng et al., 2009; Leiserson et al., 2000). Hence, it is quite
conceivable that developmental requirements of GCK-VI kinases and
their participation in conserved signaling pathways may also exist in
the metazoan phyla, in addition to osmoregulation.
Likely conserved roles for GCK-VI kinases in germ cell development
One newly emerging tissue of overlapping GCK-VI kinase
expression and activity is the germ line. Knockout mice of SPAK are
only partially fertile and gck-3(q733) hermaphrodites are sterile
(Geng et al., 2009; Vitari et al., 2005; this study). Germ line
development is a multistep process that culminates in the formation
of highly differentiated, haploid gametes in adult animals. GCK-3 is
expressed continuously throughout female and male germ cell
development. Consistent with our ﬁnding that GCK-3 abundance
peaks during late prophase of male meiosis I, we ﬁnd gck-3 activity to
be crucial for two aspects of male meiosis: GCK-3 promotes the
meiotic progression and ensures proper chromosome segregation.
The former phenotype results in the absence of mature sperm and the
latter results in aneuploid sperm. As a consequence, hermaphrodites
produce little to no offspring, and if so, the embryos arrest in
development. Although it is unclear how GCK-3 promotes both
meiotic processes, it is obvious that each process is highly sensitive to
a reduction of kinase activity or when GCK-3 lacks its PF2 region.
Interestingly, mammalian WNK1 is abundantly expressed in testis
(Vitari et al., 2005), suggesting that chromosome segregation in male
meiosis could be a conserved function of the GCK-VI/WNK pathway.
Furthermore, the observed spermatogenesis defects are reminiscent
of anaphase promoting complex/cyclosome mutant phenotypes. It is
conceivable that the gck-3/wnk-1 signaling pathway might be
involved in this highly conserved cell cycle machinery during meiosis
(Golden et al., 2000). Azoospermia, the reduction of a healthy sperm
number, is a common cause for a loss in fecundity and may very well
be the underlying phenomenon of the reduced litter number of SPAK
knockout mice. Further experiments will be required to substantiate
this hypothesis.
A truly surprising ﬁnding was that gck-3(q733) animals fail to
develop a robust germ line even in several days old small adult-like
mutants. Although germ cells initiatedmitotic divisions and produced
a larger pool of germ cells, they do not develop any further. As a
consequence, the germ line fails to develop its normal meiotic pattern
and lacks obvious signs of differentiating gametes. Nevertheless, the
germ cells do not overproliferate, suggesting that this is not a simple
mitosis-to-meiosis switch defect. Although it is difﬁcult to interpret
the germ line defect in the context of the apparent larval arrest, we
suggest that low amounts of GCK-3 kinase activity are sufﬁcient to
promotemeiotic initiation. The level of GCK-3 activity present in gck-3
(tm1296) animals is sufﬁcient for early meiotic progression. Especial-
ly, GCK-3WT-rescued animals display a variety of germ line size defects
that range from extremely underproliferated germ lines without
gametes, similar to gck-3(q733) animals, to almost wild-type-sized
germ lines with gametes. This extreme variability is most likely due to
a partial silencing of the transgenic array in the germ cells as we were
unable to detect the GFP∷GCK-3WT protein by direct or indirect
immunoﬂuorescence in germ cells. This might suggest that various
stages of germ cell development may be sensitive to different levels of
gck-3 activity. In line with this idea is the proposed model that in
growing oocytes gck-3 activity may be diluted to activate the volume-
sensitive ion chancel CLH-3b (Denton et al., 2005). A dose dependence
during meiosis has also been observed for other kinases, such as the
classical S-phase kinase CDC7 (Matos et al., 2008) and Aurora-A
kinase in Xenopus oocyte maturation (Ma et al., 2003). The notion of a
possible involvement of GCK-VI kinases in cell cycle progression is
770 A.P. Kupinski et al. / Developmental Biology 344 (2010) 758–771further fueled by the ﬁndings of Drosophila RNAi screens, where a
knockdown of the GCK-VI gene fray in S2 cells causes mitotic spindle
defects and abnormal chromosome behavior (Bettencourt-Dias et al.,
2004). However, further experiments will be necessary to uncover the
molecular details of a likely GCK-VI signaling pathway during meiosis.
This study signiﬁcantly expands the known physiological reper-
toire of the highly conserved GCK-VI subfamily of Ste20 kinases.
Our analysis of GCK-3 provides a key step to dissect the possible
evolutionary conserved signaling pathways that GCK-VI kinases act in
during development. Likely cell autonomous and nonautonomous
roles of GCK-VI kinases await their discovery.
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